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Porous silicon (-Si), typically a few micrometers-
thick film, produced by electrochemical etching of
silicon wafer in a HF solution under an anodic cur-
rent, was first discovered in 1956 by Uhlir [1] at Bell’s
Laboratories in USA, when he was working on elec-
trolytic shaping of the surface of silicon and
germanium. However, this result did not evoke
further attention from scientific communities. In
1990, Canham reported the discovery of significant
visible light emission from porous silicon under the
ultraviolet (UV) excitation [2]. This finding stimu-
lated the interest of the scientific community in the
material’s optical and electronic properties. It is gen-
erally considered that the luminescence is owing to
the presence of quantum-confined structures and the
material is often described as a nanocrystalline film.
Porous silicon can be broken up into individual
nanoparticles by a variety of means including ultra-
sound [3]. It therefore provides one of the simplest
routes to silicon nanoparticles, requiring only a small
power supply (e.g., 400 mA, 40 V) for the etching andComprehensive Nanoscience and Tean ultrasonic horn or bath. In this chapter, the fabri-
cation methods are reviewed first, followed by
discussions on microstructures and quantum effect,
and optical spectroscopic results and applications.1.16.2 Fabrication Methods
The porous layer is created by electrochemical dis-
solution (anodization or etching) in HF-based
electrolytes. It is based on the fact that holes are
necessary for the electrochemical dissolution process
of Si. Holes (Hþ) arriving at the Si:HF solution inter-
face etch the Si lattice as described below:
Siþ 6HF EtOH!H2SiF6 þH2 np SiHþ 2Hþ þ 2e
ð1Þ
Etching creates a rough surface. Since the bandgap
in -Si increases compared with bulk crystal silicon
(c-Si) due to the quantum-confinement effect [4],
holes need the additional energy Eq to penetrate into
the porous layer. If Eq is larger than the bias, the543
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Figure 1 Schematic of porous Si fabrication, the chemical process in anodic etching near the pore tip and the band diagram
for silicon–electrolyte transition at the pore tip and between the bulk and porous Si.
544 Optical Properties of Nanostructured Siliconporous layer becomes depleted of holes and further
dissolution is stopped. Since Eq is a function of the size
of the nanocrystals (NCs), an increase in the formation
bias will result in an increase in bandgap energy and a
decrease in crystallite size in the porous layer. This
process is self-adjusting. The quantum-confinement
effect limits the size of the NCs [5]. Figure 16010
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Figure 2 The surface aspects of silicon chips after electroche
density needed for preparing luminescent silicon quantum dots.
Comprehensive Nanoscience and Teschematically illustrates porous Si fabrication, the che-
mical process in anodic etching near the pore tip and
the band diagram for silicon–electrolyte transition at
the pore tip and between the bulk and porous Si [4].
Another factor is that different etching current
densities could affect the quality of porous silicon
[6]. Figure 2 shows the surface aspects of siliconmA cm–2600350
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mical etching at different current densities, higher current
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Optical Properties of Nanostructured Silicon 545chips after electrochemical etching at different cur-
rent densities. To obtain high-quality luminescent
porous silicon, higher current density is required.
Silicon nanoparticles, also known as silicon quan-
tum dots (Si-QDs), can be made by a variety of
routes, which may be classified roughly as ‘chemical’
or ‘physical’. Physical routes generally involve high
temperature and/or vacuum deposition techniques
and are favored when the object is to produce small
quantities of material for physical or electronic
applications. Chemical routes tend to produce
material of less well-defined composition and size
(with some exceptions), but often produce rather
large amounts of material and may be compatible
with the conjugation of biological molecules at the
particle surface.
As there is a wealth of literature on porous silicon
and reviews of its surface chemistry [7], here we
mainly review preparations of samples consisting of
individual silicon nanoparticles.1.16.2.1 Electrochemical Etching
and Ultrasonication
In 1990, Canham [2] was the first person to show that
certain porous silicon materials can have large photo-
luminescence (PL) efficiency at room temperature in
the visible region. He presented indirect evidence
that free-standing Si quantum wires could be fabri-
cated without the use of epitaxial deposition or
lithography. His approach used electrochemical and
chemical dissolution steps to define networks of iso-
lated wires out of bulk wafers. Mesoporous Si layers
of high porosity exhibited visible (red) PL at room
temperature, observable with the naked eye under
<1 mW unfocused green or blue laser excitation.
This was attributed to dramatic two-dimensional
quantum size effects which could produce emission
far above the bandgap of bulk crystalline Si.
Individual silicon nanoparticles with broad size dis-
tribution, but bright orange emission were produced
from porous silicon by sonication a couple of years
later [3].
Wolkin et al. [8] prepared porous Si-QD samples
by electrochemical etching followed by photo-
assisted stain etching of 6 cm p-type Si wafers at
current densities of 8–50 mA cm2 using 10–25%
HF:ethanol solutions. The stain etching was accom-
plished under illumination, with a 500 W halogen
lamp and was used to further increase the porosity.
Wolkin et al. found that depending on the size, the PL
of Si-QDs present in porous silicon could be tunedComprehensive Nanoscience and Tefrom the near infrared to the ultraviolet (UV) when
the surface was passivated with silicon–hydrogen
(Si–H) bonds. After exposure to oxygen, the PL
shifted to the red by as much as 1 eV. This shift and
the changes in PL intensity and decay time showed
that both quantum confinement and surface passiva-
tion affected the electronic states of Si-QDs. They
found a theoretical model, in which new electronic
states appear in the bandgap of the smaller QDs when
a SiTO bond is formed, was in good agreement with
experimental results.
Sweryda-Krawiec et al. [9] produced colloidal
solutions of Si NCs by sonicating porous silicon
wafers (suspended in 5 ml of degassed toluene) for
60–90 min in closed vials. During sonication, crystal-
lites leached out from the porous Si network and the
toluene suspension became pale yellow. Then, they
modified the surface of the silicon nanocrystals (Si
NCs) using alcohols. Room-temperature addition of
1-undecanol, 1-hexadecanol, 1-octanol, and 1,12-
dodecanediol completely quenched the PL of Si
NCs. Heating the NCs with 1-undecanol, 1-hexade-
canol, and 1-octanol resulted in the partial recovery
of the PL and in the formation of 1–10 nm diameter
alcohol-capped Si NCs. Heating the Si NCs with
1,12-dodecanediol also partially restored the PL.
Transmission electron microscope (TEM) and
atomic force microscopy (AFM) images indicated
the formation of diol interconnected 100–800 nm
diameter silicon nanoparticle agglomerates.
Belomoin et al. [10] demonstrated that electroche-
mically etched, hydrogen-capped SinHx clusters with
n larger than 20 are obtained as a family of discrete
sizes. These sizes are 1.0 (Si29), 1.67 (Si123), 2.15, 2.9,
and 3.7 nm in diameter. They characterized the par-
ticles through direct electron imaging, excitation and
emission optical spectroscopy, and colloidal crystal-
lization. The bandgaps and emission bands were
measured. The smallest four were ultrabright blue,
green, yellow, and red luminescent particles. The
blue particles were obtained by brief treatment of
the wafer in an ultrasonic bath, where the film
crumbled into a colloidal suspension of ultrasmall
blue particles. As noted by the authors the availability
of discrete sizes and distinct emission in the red,
green, and blue (RGB) range is useful for biomedical
tagging, RGB displays, and floating gate memories.
Lie et al. [6] produced Si-QDs by refluxing porous
silicon in toluene solutions of alkenes. The porous
layer breaks up under the conditions of the reflux and
the alkene is hydrosilated at the particle surface to
form a hydrocarbon monolayer which protects thechnology, 2011, Vol. 1, 543-570
Author's personal copy
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Figure 3 (a) A high-resolution transmission electron microscope (HRTEM) image of the alkylated silicon nanocrystal and (b)
a schematic structure of the alkylated silicon nanocrystal.
546 Optical Properties of Nanostructured Siliconparticles and solubilizes them in organic solvents.
The size of the silicon core of these particles was
about 2.5 nm diameter from a combination of PL,
scanning tunneling microscopy (STM), and Raman
measurements. Figure 3(a) shows a high-resolution
transmission electron microscope (HRTEM) image
of an alkylated Si NC, which is a direct measurement
of the nanoparticle size. Figure 3(b) is a schematic
structure of the alkylated Si NC. The prepared alky-
lated Si NCs can be redispersed in organic solvents
and cast as a film[11–13].
Cichos et al. [14] and, more recently, Valenta et al.
[15] also prepared colloidal suspensions of Si NCs
from light-emitting porous Si grains. Valenta et al.
obtained nanoparticles by mechanical pulverization
of electrochemically etched layers. Sedimented and/
or filtered Si NCs sols revealed a green PL band
around 530 nm, which was interpreted as radiative
recombination of electron–hole pairs inside Si NCs
with diameter of about 2 nm. Single-molecule spec-
troscopy techniques could be applied to investigate
PL of single grains of Si NCs dispersed on substrates
from highly diluted solutions. On the other hand,
their preparation of concentrated suspensions
enabled Valenta et al. to fabricate bulk samples with
embedded Si NCs or to prepare self-organized
nanostructures on surfaces. They acknowledge, how-
ever, that there are many technological aspects to
improve. In particular, an efficient method to break
the micrometer-sized grains of porous silicon into
submicron parts has yet to be developed.
Lee et al. [16] produced white-light-emitting sili-
con nanoparticles, whose surfaces were passivated
with butyl, using focused ultrasound. The white-
light emission was achieved by controlling the size
distribution (without the need to add any fluorescent
ions). The white-light-emitting silicon nanoparticles
had a wide size distribution of 1–5 nm with anComprehensive Nanoscience and Teaverage size of 2.7 nm, which were sufficiently small
to indicate the quantum-confinement effect for
silicon. The PL spectrum covered a wide range
(320–700 nm) with a full width at half maximum of
approximately 190 nm.1.16.2.2 Other Methods
The other methods to produce porous silicon-related
nanostructures include reactive sputtering [17], sol-
gel techniques [18], SiO2 implantation [19], self-
assembly [20], growth in inverse micelles [21,22],
laser ablation [23], thermal annealing [24–26], ther-
mal vaporization [27,28], decomposition of silanes
[29–33], solution synthesis [34–36], hybrid techni-
ques [37], and plasma processing [38–40].1.16.3 PL Spectroscopy
PL in visible range is a key optical feature of porous
silicon. Since Canham [2] showed that nanocrystal-
line porous silicon can have large PL efficiency at
room temperature in the visible region, porous sili-
con has stimulated the interests of scientific
community, which is a testament not only to its
technological potential but also to the fundamental
interest in understanding luminescence phenomena
in this material.
PL from porous silicon could be excited by laser,
UV, vacuum ultraviolet (VUV), or X-ray, the light
sources with the photon energy greater than the
bandgap of porous silicon. Figure 4 shows a typical
PL spectrum from porous silicon excited by an argon
laser at 488 nm. The PL peak wavelength is about
589 nm, which is equivalent of 2.1 eV in energy. The
PL peak position is related to the bandgap of siliconchnology, 2011, Vol. 1, 543-570
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Figure 4 A typical photoluminescence spectrum from
porous silicon excited by 488 nm argon laser.
Optical Properties of Nanostructured Silicon 547nanostructures, which is affected by the structure
size, defect states, and surface states.1.16.3.1 Size Effect on the Peak Position
of PL
When Si nanostructures become smaller than
20–30 nm, the transport, electronic, and optical
properties of silicon start to be influenced signifi-
cantly by quantum-confinement effects [41]. For
example, the bandgap of bulk c-Si is 1.12 eV, but
the PL peak energy of -Si is much bigger than
this value. One explanation is that the bandgap of
-Si is much bigger than that of c-Si. That means0.0 0.1 0.2
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Figure 5 The conductance band (CB) shift vs. the valence ban
represents a 2:1 ratio between VB shift and the CB shift.
Comprehensive Nanoscience and Tedue to quantum confinement, the conduction band
(CB) energy increased, while valence band (VB)
energy reduced.
Figure 5 shows the CB edge shift determined
from L-edge data as a function of the VB shift deter-
mined from photoemission, for a series of different
samples [28]. Careful inspiration indicated that the
confinement decreases the VB edge twice as much as
it increases the CB edge, in agreement with effective
mass theory [42]. Figure 6 illustrates this relation-
ship. Since the VB shift is equal to twice the CB band
shift, the bandgap of -Si samples is obtained
from [28]
Egap ¼ A¨Evb þ A¨Ecb þ 1:12 eV ¼ 3A¨Ecb þ 1:12 eV ð2ÞThe PL peak position of luminescent porous sili-
con (-Si) should equal to the bandgap energy minus
the binding energy of the excitation [43]. The differ-
ence between bandgap energy and PL energy is
called Stokes shift. For example, in -Si samples
having peak PL energy of 2 eV (orange), the CB
edge increased by 0.5 eV and VB edge decreased by
1 eV compared to bulk c-Si. Thus, the bandgap of
these samples was 2.6 eV, while the PL was at 2 eV.
Figure 7 is a compilation of several experimental and
theoretical results and shows that the Stokes shift
between bandgap and PL energies increases with
decreasing size.
For sizes above 3 nm, the difference between
bandgap and PL energies remains below 300 meV, a
value that could be attributed to exciton-binding0.3 0.4 0.5 0.6
hift (eV)
d (VB) shift for a series of silicon nanoclusters. The solid line
chnology, 2011, Vol. 1, 543-570
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Figure 6 Increase in the conduction band energy vs.
decrease in the valence band (VB) energy for -Si samples.
The effect of quantization in the VB is twice as large as in the
conduction band (CB).
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Figure 7 A compilation of several experimental and
theoretical results: Photoluminescence (PL) peak energy vs.
bandgap energy in -Si. If the PL and bandgap energies were
the same, the data would fall on the solid line. An early version
of this plot appears in Fauchet PM (1998) Porous silicon:
Photoluminescence and electroluminescent devices. In:
Lockwood DJ (ed.) Light Emission in Silicon from Physics to
Devices, p. 205. New York: Academic Press.
548 Optical Properties of Nanostructured Siliconenergy in small crystallites; however, below 3 nm, the
difference appears to be too large (up to 1 eV and
more) to be explained by the expected increase in the
free-exciton-binding energy. It seems likely that the
luminescence does not coincide with the bandgap
and thus involves surface states [43].1.16.3.2 Temperature-Dependent PL
Kapoor et al. [44] discussed temperature-dependent
behavior of luminescence from semiconductor NCs
by using the luminescence decay time  , which canComprehensive Nanoscience and Tebe expressed in terms of the competition between the
radiative decay and nonradiative (or hopping) decay
dynamics. Thus
1

¼ Rr þ Rhop ð3Þ
where Rr represents the radiative recombination rate
and Rhop the hopping escape rate. Earlier studies [45,
46] of the radiative process posit a temperature
dependence of the Arrhenius type
Rr ¼ r exp – Tr
T
 
ð4Þ
where Tr is a characteristic activation temperature and
r a characteristic frequency. Suemoto and coworkers
obtained a value of 3.5 meV for the activation energy
(kTr) based on the time dependence of PL [46]. They
also obtained a value of 5000 s1 for Rr. Porous silicon is
a highly disordered sample-dependent system. The
singlet–triplet splitting energy of the exciton is in the
range of 3–10 meV. We therefore assume that the acti-
vation energy is in the range of 3–10 meV and this
translates to the range of 25–135 K for the characteristic
temperature Tr. This is in consistent with the 3–17 meV
range reported recently by Kanemitsu [45].
There exists some evidence [44] that the hopping
term has an anomalous Berthelot type of temperature
dependence,
Rhop ¼ B exp T
TB
 
ð5Þ
where TB is the characteristic Berthelot temperature
associated with the escape process and B a charac-
teristic frequency. The varied optical behavior can be
analyzed in terms of the competition between the
radiative and the hopping process.
The intensity of the PL line is expressed as
I tð Þ ¼ N tð ÞRr
where Rr is the radiative recombination rate and N(t)
is the population of the excited carriers at time t,
NðtÞ ¼ N0 exp – t

 ph i
ð6Þ
Here,  is the characteristic lifetime associated
with the Kohlrausch (stretched exponential)
decay. Porous silicon is a disordered system and
the time dependence of the PL intensity has been
reported to be of the Kohlrausch type [44] with
0 < p < 1. Thus
I ðt ;Þ ¼ N0Rr exp – t

 ph ichnology, 2011, Vol. 1, 543-570
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given by
I ðÞ ¼
Z 1
0
I ðt ;Þdt ¼
N0
1
p
 
Rr
p
Note that the above expression reduces to N0Rr for
the pure exponential case (p¼ 1). Defining I0¼N0
A˜(1/p)/p we have
I ðÞ ¼ I0Rr ð7Þ
The characteristic lifetime is determined by the
radiative recombination rate (Rr) and the hopping
escape rate (Rhop).
Employing equations 3–5 in equation 7, we obtain
I ðT Þ ¼ I0
1þ 0 exp TTB þ
Tr
T
h i ð8Þ
where 0¼ B/r is the reduced frequency. The
temperature dependence of the PL intensity is expli-
citly displayed in equation 8.3.2(a) 3 2.8 2.6 2.4 2.2 2 1.8
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Figure 8 (a) Luminescence spectra (excitation energy¼21 eV
temperature increases, the peak positions shift to higher wavele
(270 K). Individual spectra are offset on the y-axis for clarity. (b) G
Chao Y, et al. (2006) Optical luminescence from alkyl-passivated
and temperature dependence of the blue and orange emissions
Comprehensive Nanoscience and TeThe asymptotic limits of the above expression are
I Tð ÞT!0¼ 0 as exp –Tr=T½ 
I Tð ÞT!1¼ 0 as exp –T=TB½ 
It is clear from the above expressions that the PL
intensity will have a maximum at some intermediate
temperature Tm. This can easily be obtained to be the
geometric mean of the characteristic temperatures
Tm ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
TrTB
p
ð9Þ
The possible range of the characteristic temperatures
has been discussed earlier. Based on these a priori
assignment of ranges the maxima for a PL emission
line Tm 100 K.
1.16.3.3 Origin of the Orange and Blue PL
Emission
In this section, the partially oxidized Si NCs are
taken as an example, and used to discus the tempera-
ture-dependent behavior of PL in order to reveal the
origin of the PL emission. Figure 8 shows PL spectra(b)
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) obtained over a temperature range of 9–270 K. As the
ngths: the orange peak occurs at 600 nm (9 K) and 630 nm
aussian fit to the 9 K data to extract the peak intensity. From
Si nanocrystals under vacuum ultraviolet excitation: Origin
. Applied Physics Letters 88(26): 263119.
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Figure 9 Ratio of blue:orange emission intensity at 8 K as
a function of excitation energy between 5.1 and 23 eV; the
blue emission appears at excitation energies greater than
8.7 eV which is the threshold energy of photogeneration of
self-trapped excitons in SiO2. From Chao Y, et al. (2006)
Optical luminescence from alkyl-passivated Si nanocrystals
under vacuum ultraviolet excitation: Origin and temperature
dependence of the blue and orange emissions. Applied
Physics Letters 88(26): 263119.
550 Optical Properties of Nanostructured Siliconfrom alkylated Si NCs obtained by excitation with
21 eV VUV photons at 9, 50, 100, 150, and 270 K. One
can clearly see two intense visible emissions from Si
NCs at temperatures lower than 150 K. The emission
peak positions at 9 K were at wavelengths of
430 2 nm (blue) and 600 2 nm (orange), respec-
tively. Komuro et al. [47] have reported two emission
bands from porous silicon but their spectra did not
show two such intense peaks simultaneously. Other
workers have observed both blue and orange bands in
time-resolved PL from porous silicon [48] and during
atmospheric oxidation of uncapped Si NCs (steady-
state PL) [49–51]. These studies are consistent with
an interpretation that the blue emission is associated
with Si oxides and that the orange PL is particle size-
dependent and derives from the quantum-confinement
effect in Si. Blue emission has been observed from
Si and C implanted in SiO2 matrices [52] and from
carbon-plasma-implanted porous silicon, [53] but the
orange emission of porous silicon disappeared after
implantation. There are at least two plausible reasons
for the observation of two emission bands. First, there
may be a bimodal distribution of Si NC sizes, giving
rise to the two observed photon energies. Second, the
two PL emission bands may result from different che-
mical states of Si: unoxidized Si such as Si–Si bonds in
the silicon core, and oxidized Si atoms such as SiTO
bonds at the core/alkyl monolayer interface. We can
discount the first possibility because no evidence of
such a bimodal size distribution is present in probe
microscopy or TEM studies [12]. The mean size result-
ing from electrochemical etching would be expected to
depend on the applied current density, which controls
the pore size and pore-wall thickness; therefore, a nar-
row size distribution is quite expected. The second
possibility is much more likely because the previous
Fourier transform infrared (FTIR) [6] and photoemis-
sion spectroscopy [12] data show that there is a small
amount of oxide present in the samples. The work of
others [48,50] also supports this interpretation. When
nanocrystalline Si is oxidized, the Si–Si or Si–O–Si
bonds are likely to weaken or break in many places
because of the stress at the Si/SiO2 interface [8].
A SiTO double bond is likely to be formed and stabi-
lize the surface, since it does not require a large
deformation energy. Such bonds have been suggested
at the Si/SiO2 interface [8]. In the literature [54], the
PL emission from pure bulk silica is at 2.8 eV (442 nm),
which is close to the blue peak from the alkylated
samples at 430 nm. Sham et al. [55] measured X-ray
excited optical luminescence (XEOL) and X-ray emis-
sion spectroscopy (XES) on silicon nanowires andComprehensive Nanoscience and Teshowed that the blue emission is associated with the
silicon oxide layer on the samples employed. This
suggests that the blue PL emission we see is from
oxidized Si species and the orange PL emission origi-
nates from unoxidized Si.
The further evidence for this interpretation could
be obtained by acquiring excitation spectra with the
detection wavelength set at 420 nm for blue emission,
with a range of excitation energies from 5.1 to 23 eV.
The blue emission was greatly enhanced when the
excitation energy exceeded 8.7 eV which is the
threshold energy for photogeneration of self-trapped
excitons in SiO2 [54]. Figure 9 shows the ratio of the
intensity of the blue emission to the orange emission
at 8 K as a function of excitation energy in the range
from 5.1 to 23 eV. Finally, using published computa-
tions of the optical gap for alkylated Si NCs [56] and
Si NC size estimate of c. 2.2 nm, the orange emission
peak could be assigned to the bandgap transition.
Many semiconductor NCs, including Si NCs, are
known to show a luminescence intermittency (aka
blinking behavior, see Section 1.16.4) and this is
commonly discussed in terms of a mechanism in
which the NC ionizes and the hole in the Si core
provides an efficient nonradiative decay pathway for
subsequent excitons [14]. The ionization may be
thermal or Auger-assisted, although it is not known inchnology, 2011, Vol. 1, 543-570
Author's personal copy
Optical Properties of Nanostructured Silicon 551general whether the electron is ejected from the particle
or resides in a trap state at the surface. This ionization
process has been the subject of several recent theore-
tical studies because the photobleaching behavior
is typically observed to follow a power law rather
than a simple exponential decay in time [57–59]. An
explanation of the temperature dependence of the
luminescence of porous silicon based on a similar
mechanism has also been provided; the steady-state
intensity-temperature data can be fitted by an equation
based on the competition between a phonon-mediated
radiative decay that shows normal Arrhenius tempera-
ture dependence and ionization of the excited state
through a tunneling process at finite temperature
which has a Berthelot-type temperature dependence,80 000
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Figure 10 Evolution of the intensity of (a) orange, 610 10 nm
over the temperature range of 8–300 K. The solid line is a least sq
Optical luminescence from alkyl-passivated Si nanocrystals und
dependence of the blue and orange emissions. Applied Physics
Comprehensive Nanoscience and Teexp[T/TB] [44,60]. This model was successfully fitted
to experimental data for the temperature dependence
of luminescence from porous silicon [61,62]. The
experimental data generally shows a maximum as a
function of temperature that varies between 50 and
150 K in different samples [46,61–63].
In order to investigate the detailed temperature-
dependent behavior of Si NCs further, temperature
quenching spectra were obtained by Chao et al. [64]
with 21 eV excitation energy as the temperature was
increased at a rate of 15 K min1 (Figure 10). The
monochromator for the detector, a photomultiplier
tube (PMT), was set at blue and orange wavelengths,
420 10 nm (blue) and 610 10 nm. To ensure
that the data obtained reflected the temperature100 150 200
150
erature (K)
erature (K)
200 250 300
and (b) blue, 420 10 nm photoluminescence (PL) bands
uare fit of equation 8 to the data. From Chao Y, et al. (2006)
er vacuum ultraviolet excitation: Origin and temperature
Letters 88(26): 263119.
chnology, 2011, Vol. 1, 543-570
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552 Optical Properties of Nanostructured Silicondependence of the steady-state luminescence and not
a time-dependent change due to bleaching by con-
tinuous exposure to the excitation light, the peak
intensities from spectra at six fixed temperatures
(Figure 8) were confirmed to lie on the temperature
sweep shown in Figure 10.
The emission intensities of both bands decay
monotonically as the temperature increases
(Figure 10). The blue emission was not detectable
above the background signal when the temperature
was higher than 175 K. The solid line is the fit to the
data with equation 8.
In contrast to observations on porous silicon, the
orange emission of the alkylated Si NCs shows no
intensity maximum down to the lowest temperature
(8 K) accessible in the experiment. The orange emis-
sion data <225 K is well described by
I ðTÞ
I0
¼ 1
1þ 0:76 ? exp T
TB
  ð10Þ
with a Berthelot temperature, TB¼ 117 K. The ori-
gin of the dip in the orange PL at 250 K is not clear.
The quenching of the blue emission is not well
described by the model given in Refs. [44,60].
Both peak positions are shifted to longer wave-
lengths as the temperature increases from 8 K to
room temperature: the orange peak position shifts
from 600 2 to 630 2 nm. This is resulted from
population of localized tail states formed by the dis-
ordered potential at the surface [45] due to the surface
roughness and variations in surface stoichiometry.
In summary, there are intense blue and orange
emission bands upon VUV excitation of alkylated Si
nanocrystallites in a steady-state PL experiment. The
blue band is only detectable at lower temperatures
(<175 K) with higher excitation energies (>8.7 eV).
The two emission bands originate from oxidized Si
(blue) and unoxidized Si atoms (orange). The tempera-
ture dependence of the orange luminescence is well
fitted by equation 8 in which the radiative decay com-
petes with a temperature-dependent tunneling process.1.16.4 Photobleaching and Recovery
Semiconductor NCs exhibit luminescence intermit-
tency under continuous wave (cw) irradiation
whereby the light emitted by a single NC switches
off and on in a random manner, the phenomenon
being termed as ‘blinking’. The luminescence inter-
mittency of semiconductor NCs irradiated byComprehensive Nanoscience and Telow-intensity, cw light is generally interpreted in
terms of photoionization of the optically accessible
excited state j1i, either by thermal or by Auger auto-
ionization, to generate a charged state j2i which itself
does not luminesce because of efficient nonradiative
loss [65]; rather, j2i discharges when the separated
electron–hole (e–h) pair created by autoionization
recombines to regenerate either of the neutral states
j0i or j1i. Following the suggestion of Efros and Rosen
[65], it is assumed here that charge neutralization of
j2i results in j1i, which subsequently undergoes fast
vibrational relaxation to j19i. The bright state j19i
decays radiatively to j0i, by emission of a photon at
a wavelength longer than that of the initial j1i j0i
photoabsorption. The relevant photophysical pro-
cesses are summarized by the scheme
0j i þ nh!
W ! 1j i
a! 2j i eh! 1j i ð11aÞ
1j i ! 10
 E r! 0j i ð11bÞ
which is a simplified and amended version of the
mechanism of random telegraphing proposed by
Efros and Rosen [65]. Here, W denotes the rate of
n-photon absorption and stimulated emission, a and
eh are the characteristic decay times for autoionization
and neutralization, and  r represents the radiative
lifetime of the photoluminescent state j19i generated
by j1i. Not included in equation 11, in contrast to the
mechanism noted in Ref. [65], is further photoexcita-
tion of j2i by the incident light because it is not
expected to produce luminescence [14]. The rates of
radiative decay and photon absorption at the intensities
used here are 5–6 orders of magnitude larger than the
rates 1/a and 1/eh of the ionization and reneutraliza-
tion processes of interest here. Previous studies of the
radiative decay of excited states of Si NCs have mea-
sured lifetimes on the order of ms [66] or shorter [29].
In the experiments on Si NCs, the luminescence decays
under CW rather than pulsed irradiation: therefore, it is
not concerned with the rate at which j19i decays radia-
tively, but rather that at which the optically excited
state j1i is lost by other processes such as electron
transfer or photochemical reactions. We do not specify
in equation 11a how many photons are absorbed to
reach the j1i state and leave open questions concerning
the precise electronic structure of j1i and j19i.
A simple treatment of the rates of pair occupation
of the NC states based on the mechanism of equation
11 can be made based on the premises that thechnology, 2011, Vol. 1, 543-570
Author's personal copy
Optical Properties of Nanostructured Silicon 553applied light field rapidly establishes an equilibrium
between j0i and j1i, whose occupation probabilities
are P0(t) and P1(t), and that autoionization and
electron–hole recombination take relatively far
longer by comparison. Likewise, vibrational relaxa-
tion of j1i to the emitting state j19i is assumed to
occur over a time scale much shorter than a, eh, and
 r. The slow time rate of change of P1(t) is then
dP1
dt
¼ – P1
a
þ P2
eh
ð12Þ
with the assumption that  r << eh, a. Setting
dP1(t)/dt¼ 0 in the limit t!1, the ratio of neutral
to charged NCs at steady-state is then
P0ðt !1Þ
P2ðt !1Þ ¼
a
f ½I ðÞ;eh ¼
I1
I0 – I1
ð13Þ
where I1 and I0 designate the PL intensity in the
limits t!1 and t¼ 0, respectively. In the limit
t!1, the fraction
f I ð Þ;½  ¼ P1 t !1ð Þ
P0 t !1ð Þ
is an increasing function of intensity I() and, for the
Si NCs studied here, a decreasing function of wave-
length between 488 and 725 nm. Under conditions of
low-intensity irradiation such that saturation of the
j1i j0i transition is avoided, f[I(); ] << 1 and
P0(t)/P2(t) is proportional to P19 (t)/P2(t). Although it
is not possible to make direct measurements of the
value of f[I(); ] because of the difficulty of deter-
mining reliably the fraction of emitted light collected
by the detection optics, the analysis of the2.5(a)
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Figure 11 (a) Time-dependent luminescence showing the dec
steady-state value I1 and partial recovery of intensity after a pe
line: ¼488 nm excitation, 10 s recovery time. Green line: ¼4
excitation, 60 s recovery time. (b) Fit of I(t) recorded at ¼488 nm
as blue squares. From Rostron RJ, Chao Y, Roberts G, and Hor
luminescence intermittency in silicon nanocrystals. Journal of P
Comprehensive Nanoscience and Teexperimental PL intensity in terms of equation 13
presented in Section 1.16.4.1 indicates that f[I(); ]
remains small at all times 0 t 300 s; in the experi-
ments reported in Ref. [67], the condition t!1 is
reached about 200 s after t¼ 0. The authors of Ref.
[65] used a sequence of random numbers to simulate
the stochastic behavior of light emission from a single
NC; the kinetic approach leading to equation 13
suffices to account for the temporal dependence of
luminescence from a macroscopic ensemble of NCs.1.16.4.1 Bleaching and Recovery of PL
Figure 11(a) is the time-dependent luminescence
showing the decay of intensity I(; t) from a peak I0
upon irradiation to a finite steady-state value I1
and partial recovery of intensity after a period dur-
ing which the excitation source is extinguished. Red
line: ¼ 488 nm excitation, 10 s recovery time.
Green line: ¼ 488 nm excitation, 60 s recovery
time. Blue line: ¼ 633 nm excitation, 60 s recovery
time. Relative to the red curve, the green and blue
intensity traces are displaced in time by þ25.0 s and
the green trace is displaced upwards in intensity by
0.5 arbitrary units for clarity. The incident laser
intensities at ¼ 488 (632) nm are of 0.30 0.01
(0.25 0.01) kW cm2. At a given incident laser
power, the intensity of luminescence intensity is
greater under irradiation at 488 nm by a Ar ion
laser than at 633 nm by a HeNe laser because the
absorption coefficient of the Si NCs increases at
shorter wavelengths [6]. When the CW laser light
is first incident on the NCs, a large initial PL0
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Figure 12 Photoluminescence spectra recorded at 0 (blue),
90 (green), and 300 (red) s after the start of irradiation of alkyl Si
NCs by 0.300.01 kWcm2 light at ¼488 nm. The spectra
recorded at t¼ 90 and 300 s have been shifted upward by 100
and 200 counts and multiplied by 11 and 17, respectively to
facilitate comparison. From Rostron RJ, Chao Y, Roberts G,
and Horrocks BR (2009) Simultaneous photocharging and
luminescence intermittency in silicon nanocrystals. Journal of
Physics: Condensed Matter 21: 235301.
554 Optical Properties of Nanostructured Siliconintensity I0 is observed which decays to a steady-
state value I1 as t!1: an irradiation time of
approximately 300 s is sufficient to reach steady
state at ¼ 488 nm and about 80 s at ¼ 633 nm.
The ensemble of NCs appears to photobleach when
exposed to low- intensity CW light because the
ratio P2(t)/P1(t) of charged (dark) to neutral (bright)
NCs increases until a steady state is reached where
the rates of autoionization and electron–hole recom-
bination are balanced. The bleaching of PL is more
marked at the shorter wavelength where I1 reaches a
level I1. I0/9. However, after a recovery time of 10
or 60 s in the absence of irradiation, the PL intensity
partially recovers when irradiation recommences. The
recovery may be expressed as the fractional excess of
the initial peak area compared to the steady-state
value integrated over the following 300 s of irradiation,
that is, Z 300
0
I ðtÞ – I1
I1
?dt
this quantity is proportional to the fraction P19
(t)/P0(t¼ 0) of particles in the uncharged, emissive
state j19i and could be determined more precisely
than the value of intensity at any particular point in
time. The extent of recovery increases as the time for
charge neutralization is increased. Direct evidence
that PL bleaching is caused by a physical process
rather than a chemical reaction is provided by an
examination of PL spectra at different times during
the period of their decay. Figure 11(b) shows
the fitting of I(t) recorded at ¼ 488 nm to equation
14: the data are shown in red as in (a) and the fit as
blue squares; for clarity, only every 50th fitted point
is displayed. The mean first-order decay time is h i
. a¼ 1.08 0.03 s, 9a¼ 4.07 0.04 and the ratio of
steady-state to initial PL is I1/I0¼ 0.086 0.001. The
reduced chi-squared value of the fit is 2r ¼ 1.016.
Figure 12 shows the spectral dependence of the
luminescence shown in Figure 11(a) at the onset of
irradiation, after 90 s and after 300 s, when I(; t) has
nearly reached its steady-state limit. The spectra are
essentially identical after normalization with respect
to the peak intensities. This result is consistent with
the interpretation that the luminescence bleaching
process results in a fraction of NCs which cease to
emit light, that in the absence of irreversible chemical
changes, for example, oxidation of charged NCs,
luminescence spectra recorded at the start of irradia-
tion (t¼ 0) and at steady state (t!1) should be the
same except for a scale factor, and that the intermit-
tency should be reversible.Comprehensive Nanoscience and Te1.16.4.2 Dispersed Kinetics of
Luminescence Bleaching and Recovery
The present analysis of data such as those displayed
in Figure 11(a) is based on the mechanism given by
equation 11 with the interpretation that the charac-
teristic decay times  a and eh are randomly
distributed about mean values due to the heteroge-
neity of NC size in the sample. It is possible to fit
these curves by a sum of exponentials, but it is pre-
ferable to interpret the bleaching in terms of a single
exponential with a single, characteristic decay time
distributed about a mean value [68] for two reasons:
first, this approach invokes fewer fitting parameters
than even a double exponential fit, whereas at least
three exponentials are required to achieve a fit of
comparable quality; and second, the physical signifi-
cance of the lifetimes in such a tri-exponential fit is
not so apparent [69]. Adopting the notation of
Ref. [70], the intensity of PL at time t may be written
as
I ðtÞ ¼ I0ﬃﬃﬃ

p
Z 1
–1
exp½ – t= – x2dx ð14Þ
where  ¼hi exp[x] and the Gibbs energy of
activation is distributed around its mean value as
Gz ¼ Gz0 þ xRT . It is not unreasonable that
there be a distribution of rates because there is a
distribution of particle sizes [71] and the potential
energy required to charge NCs depends inversely on
their radius according to Gauss’ law. Figure 11(b)chnology, 2011, Vol. 1, 543-570
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Figure 13 Fractional recovery of photoluminescence (blue
squares with error bars) following a prior exposure time of
300 s and fit based on equation 14 (red curve). The mean first-
order rise time describing the recovery of luminescence is
ehh i¼770 300 s; the parameter describing the spread of
the distribution is eh¼4.70.6; and the fraction of recovered
luminescence intensity is
R 300
0 ½IðtÞ – I1=I1 ?dt¼0.850.03.
From Rostron RJ, Chao Y, Roberts G, and Horrocks BR (2009)
Simultaneous photocharging and luminescence intermittency
in silicon nanocrystals. Journal of Physics: Condensed Matter
21: 235301.
Optical Properties of Nanostructured Silicon 555displays a single-exponential fit to the data I(t) shown
in Figure 11(a) obtained when the NCs are irra-
diated at ¼ 488 nm. Equation 14 provides a
reasonable fit to the time-dependence of PL inten-
sity. According to equations 12 and 14, the mean
first-order decay time extracted from the time-
dependent PL data is
h i ¼ 1
a
þ 1
f ½I ðÞ;eh
 	 – 1
However, we may approximate h i as ah i because
ah i<< f ½I ðÞ; ehh i (see below). Values of the para-
meters extracted from the fit given in Figure 11(b) are
ah i ¼ 1.08 0.03 s and I1/I0¼ 0.086 0.001. A large
dispersion parameter a¼ 4.07 0.04 was obtained
from the fit, but this is anticipated by the dependence
of the electrostatic contribution to the activation
energy on particle size. It may be concluded that the
simple reaction scheme of equation 11 provides a
satisfactory description of the PL bleaching process,
but that the time constant for autoionization should be
treated as a random variable with a distribution deter-
mined by variations in particle size and local
environment throughout the sample.
If a sample of Si NCs is irradiated until the PL
reaches a steady state, the majority of the particles at
the focal point of the microscope will be charged if
ehh i ah i. In the absence of laser light, the only
process occurring is electron–hole recombination
and the fraction of initial PL intensity recovered
when laser irradiation is recommenced for a further
5 min can be used to determine a value for the mean
lifetime ehh i. Figure 13 shows the recovery of PL
intensity following this procedure; from these data
the first-order rise time for electron–hole recombina-
tion was determined as ehh i¼ 770 300 s with a
dispersion parameter eh¼ 4.7 0.6 and the fraction
of luminescence intensity regained by further laser
irradiation is 0.85 0.03. These data also indicate
that the process responsible for PL bleaching is sub-
stantially reversible and therefore unlikely to be due
to a photochemical process.
A quantitative estimate of the value of
f ½I ðÞ;and a check on the consistency of the analy-
sis of Figures 11(b) and 13 can be made by comparing
the measured ratio I1/(I0 I1) with equation 13
subject to a minor modification to take account of
the distribution of decay times. If ehh i and ah i are
distributed according to ah iexp½ax and
ehh iexp½ehx, respectively and it is assumed that
the lifetimes are slower or faster than average forComprehensive Nanoscience and Teboth processes and not slow for one and fast for the
other, so that a common variable x may be employed
to calculate the mean of their ratio, then equation 13
becomes
I1
I0 – I1
¼ ah i
f ehh i exp eh – að Þ
2=4

  ð15Þ
Substituting values of ah i, ehh i, a and eh extracted
from the fits to Figures 11(b) and 13 we obtain
f ½I ðÞ; ¼ 0.016 0.012 and f ½I ðÞ; ehh ið Þ – 1¼
0.08 0.12 s1. The error introduced by the assump-
tion ah i1 << f ½I ðÞ; ehh ið Þ – 1 in the analysis of
the bleaching data, as shown in Figure 11(b), is
therefore 0<8<20% of the value of ah i1, which
may be regarded as acceptable in view of the simpli-
city of the least-squares fitting procedure invoked to
analyze the experimental data in terms of a single,
Gaussian-distributed decay time. We note that not
only the value of f ½I ðÞ; is subject to a large
uncertainty, but also the value of this quantity is
not required for the physical interpretation of the
above results.
In summary, the bleaching of luminescence of a
film of alkyl-capped Si nanocrystals (alkyl-Si NCs)
subject to CW irradiation by laser light at ¼ 488 or
632 nm is found to be essentially entirely reversible
over timescales up to 5 min, which suggests that
suppression and recovery of luminescence are due
to an electron-transfer process rather than an irre-
versible chemical change. The intermittency ofchnology, 2011, Vol. 1, 543-570
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556 Optical Properties of Nanostructured Siliconluminescence can be described by a sequence of
photoabsorption, autoionization, and electron–hole
recombination steps, which is a simplified version of
the model presented by Efros and Rosen [65]. Mean
lifetimes of <a>¼ 1.08 0.03 s <eh>¼ 770 300 s
are determined for autoionization of Si NC excited
states and electron–hole recombination, respectively,
when allowance is made for a Gaussian distribution
of decay times due to a distribution of particle sizes
and compositions.Photoelectron
Auger electron
Fluorescent
photon
Core level
Unoccupied
level
hν
Evac
Figure 14 Schematics of creation and annihilation of a
core hole as a result of X-ray absorption.1.16.5 X-Ray Absorption
Spectroscopy and XEOL
X-ray absorption spectroscopy (XAS) is a powerful
structural technique to investigate the short-range
environment around selected atomic species in con-
densed matter. While scanning the X-ray energy
impinging onto the sample, a core-level photoelec-
tron is generated. This is scattered by the
surrounding matter producing interference effects
visible in the absorption cross section and usually
referred to as X-ray absorption fine structure
(XAFS). Near-edge X-ray absorption fine structure
(NEXAFS), which is also sometimes referred to as
X-ray absorption near edge structure (XANES),
typically represents the energy region from the
absorption edge to about 50 eV above the edge.
NEXAFS spectra provide important information
about the electronic and structural properties [72].
The process itself is general and therefore fundamen-
tal to study structural properties in materials such as
• liquids, molecular solutions, liquid crystals;
• single- and poly-crystalline materials;
• amorphous and highly disordered solids; and
• molecules and macromolecules containing metal-
lic atoms or partially substituted with heavy
atoms.
The potential utilization of near-edge features for the
structural determination of matters was first recog-
nized in 1920 by Kossel [73]. However, research
effort in this area was limited primarily due to diffi-
culties in obtaining intense light sources for
excitations and due to the complexity in data analy-
sis. During the 1970s, the availability of bright,
polarized, and tunable synchrotron light sources, as
well as the development of scattering theories for the
interpretation of near-edge features, made XAFS a
powerful tool for structural determinations. By the
mid-1980s, NEXAFS had become a powerful surfaceComprehensive Nanoscience and Tespectroscopy, especially in elucidating the electronic
and structural properties of molecules on surfaces
[72].
The absorption of an X-ray photon, with a reso-
nance energy hu, gives rise to an electronic excitation
from the core level to an unoccupied state. As shown
in Figure 14, a core hole is created as a result of the
resonance excitation. In NEXAFS measurements, the
resonance transition is measured by following the
annihilation, instead of the creation, of core holes.
The energy gained by annihilation can be released by
either the radiation of fluorescence photons or by the
emission of Auger electrons. In this process, photo-
electrons are always there; thus, the ejected electrons
include photoelectrons and Auger electrons.
NEXAFS spectra can be recorded by measuring
either the electron yield or fluorescence yield as a
function of incident photon energy (Figure 15).
The X-ray absorption spectra of gaseous materials
can at least in principle be measured in transmission
mode, recording the changes in the ‘transparency’ as
a function of the incident photon energy: Due to the
extremely short attenuation lengths of soft X-rays in
solids, this is not possible in solids (except possibly in
some cases for ultrathin films). Instead, the incident
photon energy dependence of the yield of secondary
particles (electrons or photons), which are produced
during the decay of the core excitation, can then
be used in order to get information on the energy
dependence of the absorption cross section [72].
For practical reasons, these techniques are favored
even when recording gas-phase NEXAFS, and
due to the relatively longer escape depths of photons,chnology, 2011, Vol. 1, 543-570
Author's personal copy
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Figure 15 Near-edge X-ray absorption fine structure
(NEXAFS) measurements are carried out by following the
de-excitation process, which generates either an Auger
electron or a fluorescence photon.
Figure 16 Saturation effect in total fluorescence yield
(TFY) (absorption) spectroscopy: due to the large photon
escape depth, the photon yield recorded with near-normal
exit angles may at different energies (for different energy-
dependent absorption cross sections) contain contribution
from different depths in the sample, neutralizing the effect of
the absorption cross section. At near-normal detection
angles, the light at energies with smaller absorption
coefficient can originate from deeper in the sample than at
energies with large absorption cross section. The total
intensity observed can at the same time be almost constant.
From Ka¨a¨mbre T (2002) Resonant Soft X-ray Spectroscopic
Studies of C60 and Related Materials. Doctoral thesis,
Comprehensive Summary, Physics. Uppsala: Acta
Universitatis Upsaliensis.
Optical Properties of Nanostructured Silicon 557the photon yield measurements can also be used on
liquids.
To obtain an experimental spectrum which is
more or less directly corresponding to the absorption
cross section, total or partial electron or photon
yields can be recorded. These different options gen-
erally use different detectors, and have advantages
and limitations, which are reviewed below. First,
total electron yield (TEY) can be obtained most
simply by recording the sample drain current, as
electrons are photoemitted from the sample upon
interaction with incident light either directly or due
to decaying of an autoionizing state. The drain cur-
rent setup essentially consists of a wire, which
connects the sample holder, isolated from the
ground, through a vacuum feed-through to a pico-
amp meter. An obvious advantage of this technique is
the simplicity of the setup, while the results for
metallic or even semiconducting samples are never-
theless as good as for the more sophisticated setups.
However, applicability to conducting samples only
and the shallowness of the surface layer of the sample
that is probed can sometimes make it necessary to use
a different setup. Other possibilities for recording the
TEY signal are to use a channeltron detector or a
multichannel plate (MCP).
Second, the total photon yield, alias total fluores-
cence yield (TFY) signal can be recorded by using a
channeltron detector, an MCP detector or, as a less-
efficient option, by using the X-ray emission (XE)
spectrometer in zero-order diffraction. Being a
photon-in–photon-out technique, this method can
reach considerably larger probe depths (on the
order of 1000A˚) and is less sensitive to possible sur-
face contamination. It can also be used to measureComprehensive Nanoscience and Teabsorption in buried layers (e.g., in samples covered
by a layer of material protecting the sample from
oxidation during transfer).
When using this technique, however, one should
be careful considering the effects of self-absorption,
and the fact that the absorption cross section, in many
cases, need not be proportional to the photon yield
signal. The effect of self-absorption is illustrated in
Figure 16. For a bulk sample or a thick film, all of the
incoming light gets absorbed, although the effective
absorption length depends on the energy-dependent
cross section. If the TFY signal is then recorded at a
near-normal (exit) angle, the secondary photons
come from different depths in the sample for differ-
ent incident energies, but due to the long escape
depth these photons are still capable of leaving the
sample and the dependence of the total number of
emitted photons, in the extreme case, can be constant
(independent of energy and only dependent of the
incident intensity). The best way to prevent this from
happening is to use near-normal incidence angles
and grazing exit angles, so that photons emitted
only from a thin surface layer are detected. This
signal should then be proportional to photons
absorbed in the same layer of limited thickness, and
the total number of the absorbed, and emitted,
photons should be proportional to the absorption
cross section. The amount of self-absorption differs
from material to material between the extremes of a
flat line (constant) in the spectrum to negligiblechnology, 2011, Vol. 1, 543-570
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Figure 17 Si L2,3 region total photon yield near-edge X-ray
absorption fine structure (NEXAFS) spectrum, two edges at
100 and 104 eV, corresponding to Si and SiO2, respectively,
which implies that Si–Si and Si–O bonds are present in the
sample.
558 Optical Properties of Nanostructured Siliconeffects. The technique can still be very useful, espe-
cially in the cases when this is the only option, for
example, for buried layers or liquids in a containing
cell quipped with a window [74].
Third, partial electron yield (PEY) can be mea-
sured using a photoelectron spectrometer and
choosing an energy window (and integrating the
total count rate within the window). This will give
the decay rate through a certain transition. A less
sophisticated alternative to this is to use a total
yield detector in combination with one or several
retarding grid(s) in order to set a low kinetic energy
limit for the electrons which can reach the detector.
Using the PEY, instead of TEY, enables one to
enhance the element specificity to some extent (in
case of a composite sample) and gives some flexibility
to choose the probe depth by recording decay chan-
nels with quite different kinetic energies.
Fourth, partial fluorescence yield (PFY) measures
the decay rates (of an energy-dependent magnitude
of a core-excited population) through a specific
fluorescent decay channel. Although this technique
usually suffers from extremely low count rates, the
capability to discriminate more strictly against (the
approximately constant background) fluorescence
from other elements in a composite sample make it
in certain cases useful. The signal can be detected by
choosing a suitable energy window in the spectro-
meter and integrating the count rate for each
incoming photon energy step [75].1.16.5.1 XAS of Silicon Nanostructures
Figure 17 is a typical XAS taken at Si L2,3 region
from porous silicon. Two edges at 100 and 104 eV,
corresponding to Si and SiO2, respectively, imply
that SiSi and SiTO bonds are present in the
sample.
NEXAFS spectroscopy measurements have been
performed on both bulk Si and Si NCs. The principal
aim was to observe the changes in the absorption
features due to quantum confinement in the Si NCs
when compared to bulk Si. NEXAFS uses excitation
of a core electron to the unoccupied molecular orbi-
tals (MOs), yielding important information on the
electronic structure involving chemical shifts as
well as the fine structure of the unoccupied levels.
Thus, both chemical shifts and fine structures are
sensitive to chemical bonding and correlate with
the electron transport mechanism [76,77].
NEXAFS measurements using partial photon
yield absorption as conventional electron yield sufferComprehensive Nanoscience and Tetwo drawbacks: (1) due to the porosity of the porous
silicon formed during the etching process [6], the
structures in the NCs are not well connected elec-
trically and the energy of the electron detected by
photoemission is influenced by the charge buildup
during the measurement, thus electron yield is ham-
pered by surface charging effects, whereas total
photon yield which is insensitive to surface charging
can be used to map the unoccupied states; and (2)
photon yield is also bulk sensitive. The penetration
depth is 60 nm or more when compared to electron
yield which is around 5 nm [78,79].
Figure 18 shows the PEY obtained from bulk Si
(spectrum (a)) and passivated Si NCs (spectrum (b))
at the Si L2,3 edge. Data for bulk silicon are in agree-
ment with previous work [80,81]. However, the
absorption spectrum from the NCs is remarkably
different from both the bulk and what would be
expected from a consideration of the theoretically
determined unoccupied density of states (DOS) in
silicon clusters containing a few tens of atoms [82,
83]. The NC XAS consists of a single, relatively
sharp, spin–orbit split peak superimposed upon a
smooth background intensity between threshold and
the onset of oxide-related absorption (bands at 106,
108 eV and a weak band at 115 eV which are com-
monly attributed to inner well resonances of Si oxide
[81,84–86]). The relatively high strength of the oxide
features in the XAS spectra of the Si NCs despite the
bulk-sensitive PPY detection can be attributed to the
structure of the NC film: passivation of the Si NCchnology, 2011, Vol. 1, 543-570
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Figure 18 Comparison of absorption features of (a) bulk
silicon and (b) silicon quantum dots at the vicinity of the Si
L3,2 edge by the partial photon yield (PPY) technique. From
Sˇiller et al. (2009) Core and valence exciton formation in
x-ray absorption, x-ray emission and x-ray excited optical
luminescence from passivated Si nanocrystals at the Si
L-2,3 edge. Journal of Physics: Condensed Matter 21:
095005.
Optical Properties of Nanostructured Silicon 559surfaces by alkyl groups prevents their sintering, thus
the film consists of individual nanoparticles each
with their own surface (including suboxides) distrib-
uted throughout the bulk of the film. Therefore, in
contrast to a bulk silicon sample with the same sur-
face composition, a film of Si NCs with (limited)
surface oxidation presents surface oxide throughout
the film thickness, thus increasing the oxide signal
relative to a conventional solid silicon sample. A
broadening of absorption onset was observed by
Eisebitt et al. [87,88] in XAS from porous Si, and
attributed to the crystallite size distribution in their
samples. However, in the spectra shown in
Figure 18, which are from a sample with a well-
defined and narrow diameter distribution [71], a
clear 0.61 eV spin–orbit splitting [89] is observed in
the PPY from the NCs (magnified region of
Figure 18, curve b), while such splitting may be
washed out by the size inhomogeneity in the porous
Si crystallites [87,88].
Single-dot luminescence spectroscopy has been
used to study the emission line width of individual
Si NCs and these studies have confirmed that oxi-
dized NCs exhibit discrete energy levels rather than
continuous bands [90]. Therefore, the simple quan-
tum mechanical model of ‘particle in the box’, leads
one to expect the increased the level spacing in NCsComprehensive Nanoscience and Tecompared to bulk and therefore the transition from Si
L2 and L3 levels to the lowest excited state should be
better resolved than in the bulk Si.
Although a sharp rise in X-ray absorption is
observed in bulk silicon, a shallow onset has been
theoretically predicted [89,91], because the absorp-
tion threshold should be related to the CB minima
s-like electronic states due to dipole selection rules.
The steep rise in absorption in bulk Si at the L2,3
threshold, which is much steeper than the predicted
CB DOS, has been attributed to excitonic effects in
core-electron transitions to the CB, with bound core
excitons being of Wannier type [92].
The theoretically calculated radius of the core
exciton at the L2,3 edge in bulk Si is 1.6 nm [93],
which agrees well with measured X-ray absorption
photon yield [89,94]. The radius of the elemental Si
core of the NCs studied here is, at d/2¼ 1.1 0.2 nm
[71], substantially smaller than the core exciton
radius, hence X-ray absorption in the silicon core at
threshold should favor an excitonic final state more
tightly bound than the corresponding bulk exciton. In
consequence, it is not unreasonable that core exciton
formation dominates emission below the oxide edge,
to a greater degree than in bulk Si, leading to an
absorption spectrum which no longer directly
reflects the unoccupied DOS. Indeed, the dominance
of a single spin–orbit split doublet at the onset of
X-ray absorption in the NCs suggests a narrow, well-
defined core exciton state in this system.
In addition to gross differences in spectral shape
between the XAS of bulk silicon and Si NCs, there is
a small, and unexpected, apparent red shift in the
absorption threshold in the NCs (located at
99.3 0.1 eV) when compared with bulk Si
(99.6 0.1 eV). This behavior is in contrast to the
blue shift that has been previously reported for por-
ous Si [81,95], SiO2/Si superlattices [96], and for Si
nanoclusters [28] and attributed to quantum confine-
ment. A red shift has, however, been reported for
2 and 3 nm diameter silicon clusters formed upon
annealing SiO2 superlattices by Zimina et al. [97],
although changes in the absorption spectrum were
much less pronounced than those reported here.
Although no other evidence was provided to support
this attribution, it was suggested that this red shift,
smaller in magnitude than that observed here, was
associated with core exciton formation, which would
be consistent with the interpretation of the X-ray
absorption spectra from Si NCs (Figure 18(b))
presented above.chnology, 2011, Vol. 1, 543-570
Author's personal copy
560 Optical Properties of Nanostructured SiliconXAS at the L2 edge predominantly probes the NC
core, but because of the small number of Si atoms in
the core and their close proximity to the surface, an
alternative suggestion for the red shift could be that it
arises due to the presence of the surface, perhaps
from some strain-induced structural relaxation. For
example, a red shift has been observed for very small
diamond clusters (diamondoids) [98] and it has been
suggested in this case that the bulk-related unoccu-
pied states do not exhibit any quantum confinement
but they are influenced by the termination of the
surface by CH and CH2 groups.1.16.5.2 XEOL of Si Nanocrystals
XEOL is essentially an energy-transfer event in
which the absorption of the X-ray photon produces
a large number of energetic electrons (photoelectron
and Auger electron, (Figure 14)). These electrons in
turn cause further ionization and excitation. The
energy is transferred to luminescent centers through
inelastic processes which lead to the creation of holes
in the VB and electrons in the CB in semiconductor
nanostructures, for example, or holes and electrons in
the occupied and unoccupied MO of organic mole-
cules, respectively. The recombination of holes and
electrons will emit light. This is the well-known
scintillation process [99].
The first major application of XEOL was the
quantitative analysis of rare earth impurities, which
was extensively carried out in the 1960s and 1970s
[100]. A detection capability of 1 ppm–1 ppb was
achieved for the analysis of Tb, Dy, Eu, and Gd in
Y2O3 [101]. Considering that XEOL originates from
the excitation of a core electron, a combination of
XEOL detection and the energy tuneability of syn-
chrotron radiation (SR) is promising for chemical
state analysis of elements [102].
XEOL is a photon-in–photon–out technique.
Using laboratory soft X-rays such as Mg K
(1253.6 eV) and Al K (1486.6 eV), and visible UV
and soft X-ray (10–3 keV) from a tunable synchrotron
light source, it is often possible to conduct site and
sampling depth selective measurement [102–104].
The sampling depth selectivity comes from the
energy-dependent penetration depth of the photons
and the site selectivity comes from the tuneability of
the source. For example, when the photon energy is
tuned to the silicon L-edge, the photon will be
absorbed preferentially by the silicon atom. This chan-
nel-selective excitation will greatly facilitate the
identification of the origin of luminescence [99].Comprehensive Nanoscience and TeThe origin of the luminescence in Si NCs is
debatable, and many different mechanisms have
been invoked to explain the visible PL from porous
Si and Si NCs [105–107]. Most of the PL can be
explained by quantum-confinement mechanism
[28], Si/SiO2 multilayer quantum wells [96].
According to the extended version of this mechan-
ism, the larger bandgap of the Si NCs is attributed to
quantum-confined Si nanostructures where the
recombination of electrons and holes occurs in sur-
face states [108]. According to experimental and
theoretical reports, quantum confinement in Si NCs
for the observation of visible luminescence requires
the size to be <5 nm [63,109]. To address all these
issues and to identify exactly which site is responsible
for the luminescence necessitates the use of site-
selective luminescence.
XEOL is used to address the site-selective lumi-
nescence from the silicon nanocrystallites. The
advantages of XEOL, using tunable soft X-ray SR
as the excitation source, are its state and site selec-
tivity [99]. The tuneability of SR makes it possible to
study XEOL of a particular element or even a spe-
cific chemical state in a composite environment. Soft
X rays have a short absorption length (102–103 nm)
[103] comparable to typical film thickness. In a
XEOL experiment, the optical spectrum can be
recorded at selected incident photon energies.
Additionally, the NEXAFS can be recorded in the
PL yield at zero order [102,104] or at a specific
wavelength. This process is called optical X-ray
absorption fine structures (optical XAFS). When
these three detection modes are collectively used,
one can study the electronic and optical properties
of Si NCs. XEOL together with optical XAFS will
reflect the local structure and the electronic proper-
ties of the absorbing atom and address the site
responsible for the luminescence. This technique
has already shown the site specificity in Si K edge
and L edge studies of porous silicon [102,103].
In the experiment described below, Si L2,3 excita-
tion was used to study the luminescence properties of
Si NCs. At the Si K-edge Sham et al. [102] showed
that in fresh porous silicon, the Si–Si bond is
involved in the luminescence. However, the differ-
ence between the excitation of a K shell core electron
and the L shell lies in the different distance over
which the absorbed energy migrates before being
deposited in a useful form (the generation of visible
luminescence). In the case of K shell absorption,
where electrons with energies in excess of 103 eV
are involved, the distance between the primarychnology, 2011, Vol. 1, 543-570
Author's personal copy
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has been estimated to be 30 nm; however, in the
case of L shell absorption this distance is reduced to
about 1 nm [110]. This indicates that the probability
of recombination of the carriers in a different phase
the material from the phase in which the carriers are
generated, is considered to be bigger in the case of
the K shell. Thus, L shell absorption is a better probe
than K shell absorption to identify the luminescent
center.
Synchrotron-excited luminescence of Si NCs was
studied at the vicinity of the silicon L edge, which
corresponds to the excitation of a 2p electron to the
bottom of the CB. The luminescence was monitored
with an optical monochromator, typically in the
range of 200–900 nm. The luminescence which is
either due to the recombination of holes in the VB
with electrons in the CB, or due to defects can be
monitored. The PL yield can in turn be used to
record XAFSs that provide structural information
for the absorption site that is responsible for the
luminescence [102]. In Figure 19 a photon energy
of 145 eV is used to excite the Si NCs.
Dispersed luminescence spectra were obtained
with a photon energy of 145 eV. At this energy,
both the silicon core level and SiOx were excited.
The spectral shape shows the existence of three
major bands at 480 nm (2.58 eV), 630 nm
(1.97 eV), and 730 nm (1.69 eV). The blue emission
band at 2.58 eV is attributed to the defects associated
with SiOx states. This 2.58 eV feature is commonly
observed in silica glass and has been attributed to the
triplet to the ground state luminescence from a SiO2300 400 500 600 700 800
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Figure 19 The photoluminescence of the silicon quantum
dots obtained at 145 eV photon energy at room temperature.
Comprehensive Nanoscience and Tedefect, a bridging oxygen vacancy between two adja-
cent Si [8,111]. Luminescence at similar wavelengths
have been observed in porous silicon and silicon
nanostructures [8,12,111]. When excited above the
threshold, in the case 145 eV excitation energy, both
Si and SiOx compete for the incoming photons. The
absorption of oxide-related Si will facilitate the oxide
chromophore if the process has high quantum yield.
It is also interesting to note that this 2.58 eV (480 nm)
band can originate from elemental silicon as well,
since Si NCs are known to have a widely tunable
range of PL [63]. This suggests that there might be an
overlap of silicon oxide and silicon nanocrystallite
bands contributing to the observed luminescence
bands because of quantum confinement in the silicon
nanocrystallites. A similar process is also reported in
porous silicon [111]. The peak at 630 nm is the most
intense among the three bands, and can be attributed
to electron–hole recombination in silicon nanocrys-
tallites due to quantum-confinement behavior. The
weak band at 700 nm, can be attributed to the inter-
face defects between nanocrystalline Si and silicon
oxide or suboxide, or due to quantum-confined NCs
of large size (>2 nm) [112]. In order to explore
the site-selective luminescence it is necessary to
address which site is responsible for the observed
luminescence.1.16.6 Applications
There are many applications of porous silicon-based
materials. Some of the applications are discussed
here. One is the porous silicon as an energetic mate-
rial based on its explosive behavior. The other two
are based on the thin film of Si NCs, which are
formed in high vacuum: replacing the conventional
SiO2 layer in floating gate in memory devices; as a
novel thermoelectric material to convert heat to
electricity. Applications in life sciences are also
mentioned.1.16.6.1 Energetic Material
Silicon-based explosive behavior was described for
the first time in 1992, when it was reported [113] that
potassium nitrate or nitric acid could create explo-
sive-like reactions when reacting with porous silicon.
Researchers were investigating the chemilumines-
cence of anodized silicon, when the addition of
concentrated nitric acid to freshly etched porous
silicon reacted violently and produced a ‘flash ofchnology, 2011, Vol. 1, 543-570
Author's personal copy
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[114] discovered that hydrogenated porous silicon
reacts explosively with condensed or liquid oxygen
in the temperature range 4.2–90 K, releasing several
times as much energy as an equivalent amount of
trinitrotoluene (TNT), at a much greater speed in a
timescale of 106s. Explosion occurs because the
oxygen, which is in a liquid state at the necessary
temperatures, is able to oxidize through the porous
molecular structure of the silicon extremely rapidly,
causing a very quick and efficient detonation. The
final products of the reaction are SiO2 and H2O, both
are nontoxic products. Although hydrogenated por-
ous silicon would probably not be effective as a
weapon, due to its functioning only at low tempera-
tures, other uses are being explored for its explosive
properties, such as providing thrust for satellites.(a)
(b)
(c)
Figure 20 Two-dimensional sketch of the three principal steps
porous silicon. Black circles: oxygen atoms; gray circles: silicon a
are indicated by black lobes. The dashed circumference indicat
Timoshenko VY, Kunzner N, Gross E, and Koch F (2001) Strong
oxygen at cryogenic temperatures. Physics Review Letters 87: 0
Comprehensive Nanoscience and TeA major breakthrough was reported in 2002 after
the accidental discovery of a nanoexplosion in porous
silicon filled with an oxidant at room temperature
[115]. This discovery stimulated the integration of
solid-state explosive devices onto silicon chips [116],
proving that the explosive porous silicon can be
efficiently exploded in negligible amounts.
Kovalev et al. [114] proposed the three-step
mechanism sketched in Figure 20. The match for the
explosion is the energy released under the interaction
of oxygen molecules with unsaturated (dangling) Si
bonds acting as free radicals. Their concentration
determined from spin-density measurements [117] in
H-terminated porous Si layers is about 1016 cm3
(schematically shown in Figure 20(a)). Indeed, the
spontaneous reaction has a significantly smaller prob-
ability in naturally oxidized samples having the same(a–c) of the explosive reaction of oxygen with hydrogenated
toms; open circles: hydrogen atoms. The Si dandling bonds
es the ignition site of the reaction. From: Kovalev D,
explosive interaction of hydrogenated porous silicon with
68301.
chnology, 2011, Vol. 1, 543-570
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Optical Properties of Nanostructured Silicon 563number of surface Si–H bonds but a smaller number of
Si dangling bonds.
Furthermore, while immersions of hydrogen-
terminated porous Si layers in liquid oxygen are
always accompanied by a spontaneous explosion,
for naturally oxidized ones a metastable equilibrium
can be realized. In the latter scenario, the explosion
can be ignited by pulsed illumination with UV light.
UV illumination leads to the rupture of surface Si–H
bonds [118] and, therefore, to the creation of dan-
gling bonds igniting the explosive reaction. Another
means of ignition is a weak impact. The transforma-
tion of the mechanical energy of the impact into the
energy for rupturing Si–Si bonds has to be very
efficient in porous Si layers since they are a mechani-
cally noncontinuous medium. In a conglomerate of
interconnected Si nanometer-sized wires [119], the
deformation energy can be concentrated in a certain
place and can be high enough to disrupt Si bonds and
to form free radicals. Hydrogen atoms covering the
internal surface of the porous Si layers play the role
of a buffer between Si atoms and molecular oxygen,
thus preventing the oxidation reaction. To proceed
with the fast oxidation of the internal Si surface
further, hydrogen atoms have to be removed by
energy transfer to neighboring Si–Hx sites. Indeed,
the Si–O bond enthalpy is smaller than that of O–O
and a few neighboring dangling bonds are required to
ignite the reaction. The Si–Si bonds are weaker than
Si–H bonds and in the early stage the breaking of
neighboring Si–Si bonds is favorable. However, the
oxidation of the Si NC network should be limited by
the slow diffusion of oxygen through SiO2. An almost
instantaneous character of the reaction indicates that
hydrogen in the second stage of the reaction is
removed from the surface. This is favored by an
efficient energy transfer between neighboring surface
atoms due to their weaker vibronic coupling with the
NC core. This is accompanied by the exothermic
reaction of oxygen and hydrogen forming water or
OH radicals (Figure 20(b)). The removal of hydrogen
atoms from the surface or the disruption of Si–Si
bonds is followed by the formation of new radicals,
thus initiating the next step of the reaction: Surface Si
atoms interact directly with oxygen, and the oxidation
of Si NCs is achieved (Figure 20(c)). Interaction of
molecular oxygen with dangling bonds also results in
the creation of new free radicals in the system, namely,
atomic oxygen. Thus, the conditions for a branched
chain reaction are fulfilled since all reaction steps
create new interacting free radicals: Si dangling
bonds, atomic hydrogen and oxygen, or OH groups.Comprehensive Nanoscience and Te1.16.6.2 Floating Gate in Memory Devices
Many of the potential uses of nanoparticles, for
example, as catalysts or magnetic memories, demand
that the particles have well-defined sizes. However,
this is not easy to accomplish at such small scales, and
previously it has been largely a matter of trial and
error of size selection. The sublimation of intact
alkyl-Si NCs is an extremely novel observation.
This method has been used to deposit Si NCs on a
variety of substrates placed in the vapor of alkyl-Si
NCs (sapphire plates, graphite sheet, silicon wafer,
and gold nitride films). Photoemission spectroscopy
showed that the alkyl-Si NCs evaporate with no
gross chemical changes, but AFM, HRTEM, STM,
and confocal luminescence/Raman spectroscopy
indicated that the smaller particles are evaporated
preferentially. Initially, the NC vapor condensed on
the substrate in the form of islands consisting of a
single layer of alkyl-Si NCs of height 4.9 0.40 nm.
As deposition continued, more islands (2D) were
formed, but it was also observed that growth of
clusters (3D) of NCs up to 3mm in diameter.
Higher-resolution images were obtained by STM
on alkylated n-Si (111) substrates in which individual
Si NCs could be resolved within the islands. If the
source temperature was set to 200C, the mean
diameter of the Si cores was 1.8 0.34 nm for the
evaporated material compared to 2.2 0.38 nm for
as-prepared alkyl-Si NCs[12,64,71]. The ability to
evaporate and deposit NCs in ultrahigh vacuum
(UHV) should be useful for the size-controlled
preparation of new nanoscale quantum-confined
structures. The proposed mechanism for this novel
evaporation is a combination of (1) the particle–
particle interactions being relatively weak dispersion
interactions (various alkyl monolayers on Si have
been employed for their antistiction properties) and
(2) the thermal stability of the alkyl monolayer on Si
being substantially higher (340C in UHV) than for
noncovalently anchored monolayers such as the alka-
nethiol SAMs, which desorb at about 175C [120].
The size-controlled NCs thin film could be used
to replace the SiO2 layer in floating-gate memory
devices. The ideal memory devices should have such
characteristics as high memory performance with fast
program/erase cycle speed, low operating power
with high drive current, long memory retention
time, high reliability, and long lifetime. In current
floating-gate memories, charge is stored on a silicon
floating gate that is separated from the substrate by a
dielectric tunneling barrier.chnology, 2011, Vol. 1, 543-570
Author's personal copy
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replaced by a Si NCs monolayer, have attracted
considerable attention in the last few years [121,
122] as one of the simplest evolutions of the standard
flash technology allowing for improved reliability
and scaling perspectives.
Currently, nonvolatile memory devices utilize
floating-gate field-effect transistor technology to
store information, and have many applications, for
example, mobile phones, digital cameras, camcor-
ders, MP3 players, digital games, iPods, flash cards,
and removable storage devices, which is in a rapidly
growing market ($40 billion in 2007 up 12.9% from
2006) [123]. In such floating-gate memories, charge is
stored on a silicon floating gate that is separated from
the substrate by a dielectric tunneling barrier as
shown in Figure 21. Typically, the tunneling barrier
consists of a thin thermally grown SiO2 layer. This
tunneling barrier controls the retention time and the
program/erase speed of the device. When a program
bias is applied to the device, charge tunnels through
the barrier and remains stored on the floating gate
after the program voltage is removed.
Since the tunneling barrier must be able to inject a
current during programming and to retain charge, a
compromise must be made when designing memory
devices that integrate a tunneling barrier. When the
barrier is made relatively thick, long charge retention
times are achieved, but a higher voltage (and a longer
time) is required to program and erase the floating
gate. When the barrier is thin, the program and erase
process will be more rapid, but charge leakage will
reduce the retention time. If a monolayer comprised
of Si NC (aka QDs) were to replace the SiO2 layer,
an effective lowering of the barrier would be
observed. This barrier-lowering effect allows an
increase in the tunnel current density and a subse-
quent increase in the floating-gate program/erase
speed. Furthermore, for a normal flash memory, ap-Si (100)
DrainSource
n+n+
Control gate
Floating gate
Oxide
Figure 21 Schematic representation of a floating-gate memo
Comprehensive Nanoscience and Temajor problem is caused by the nonuniformity of the
oxide. If there is a weak spot where the leakage
current density is larger, it acts as a sink and all stored
charge in the floating gate would leak away through
it. This problem increases with the thinning of the
oxide layer. If the floating gate is replaced with
nanoparticles the weak spot only affects a small num-
ber of nanoparticles and has no effect on the charge
stored in other particles. Therefore, in this design,
the thickness of both tunneling barrier oxide and
interlevel oxide can be reduced without sacrificing
the memory retention time. In flash memory, nano-
particles are embedded in a metal-oxide
semiconductor field-effect transistor (MOSFET) as
floating gates to store electric charge. Since the shift
in the device’s threshold depends on the particle size,
a wide size distribution would wash out the operating
threshold. Thus, size selection is a big issue for this
application. However, none of the current research is
using this novel evaporation–deposition method [71]
to select nanoparticle sizes.1.16.6.3 A Novel Thermoelectric Material
Currently, the energy shortage and climate changes
are the serious problems threatening this planet. In
this world, approximately 90% of the power is gen-
erated by heat engines that use fossil-fuel combustion
as a heat source and typically operate at 30–40%
efficiency, such that roughly 15 TW of heat is lost
to the environment [124]. Thermoelectric materials
convert heat into electric current, if they could be
made more efficient at that conversion thermoelec-
tric modules could potentially convert part of this
low-grade waste heat to electricity, or as an alterna-
tive to photovoltaic cells for converting solar warmth
into electricity. Unfortunately, current thermoelec-
tric materials are very expensive to make and are
nowhere near efficient enough to be usedp-Si (100)
DrainSource
n+n+
Control gate
Floating nanocrystals
ry.
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materials must have large Seebeck coefficient,
high electrical conductivity, and low thermal con-
ductivity to retain the heat at the junction and to
reduce the heat-transfer losses. The efficiency and
energy density of a material for thermoelectric
applications is determined by the dimensionless
figure of merit
ZT ¼ S
2	T
K
¼ S
2	T
KL þ Ke ð16Þ
where T is the absolute temperature, S is the Seebeck
coefficient, 	 is the electrical conductivity, and K is
the thermal conductivity (Ke is the electronic contri-
bution to the thermal conductivity, KL is the lattice
thermal conductivity). The last decade has seen an
enormous research in reducing the thermal conduc-
tivity due to phonons in nanostructured materials to
enhance the ZT [125]. Silicon, the basic material of
semiconductor electronics, is readily available, cheap,
and has a huge infrastructure and know-how for its
production and manipulation. Those are reasons
enough to seek a marriage between silicon and ther-
moelectric properties [126]. Bulk silicon has a ZT of
about 0.01 at 300 K (27C). For metal wires, the best
value at 300 K is about 0.03. Values of 0.7–1.0 are now
found in commercially available thermoelectric
materials based on bismuth–telluride semiconductors.
The first really solid report of much higher figures of
merit, up to 2.4, came in 2001, in thin films of a
complex semiconductor [127]. But high electrical
and thermal losses in these films have so far kept
them from the commercial big time. Since 	 ¼ 
pq
and with Wiedemann–Franz law Ke=	 ¼ L0T we can
rewrite formula 16 as below:
ZT ¼ S
2	T
K
¼ S
2	T
KL þ Ke ¼
S2T
KL

pq
 
þ L0T
ð17Þ
where 
 is the carrier mobility for given carrier
density p and q is the electronic charge [127]. L0 is
the Lorenz number defined as
L0 ¼ Ke
	T
For free electrons in metal
L0 ¼ Ke
	T
¼ 
2
3
kB
e
 2
¼ 2:44	 10 – 8wK – 2
When crystalline solids are confined to the nan-
ometer range, phonon transport within them can be
significantly altered due to various effects, namely (1)Comprehensive Nanoscience and Teincreased boundary scattering; (2) changes in phonon
dispersion relation; and (3) quantization of phonon
transport. For example, theoretical studies [128,129]
have suggested that, as the diameter of a Si nanowire
becomes smaller than 20 nm, the phonon dispersion
relation could be modified due to phonon confine-
ment, such that the phonon group velocities would
be significantly less than the bulk value. Molecular
dynamics simulations [130] have shown that, for
wires of nanometer diameter, the thermal conductiv-
ities could be 2 orders of magnitude smaller than that
of bulk silicon [131].
Two independent teams from California have
worked out a way to boost the thermoelectric effi-
ciency of silicon by as much as a factor of 100 [124,
132]. Boukai et al. [132] used silicon nanowires with a
rectangular cross section and Hochbaum et al. [124]
used round silicon nanowires to achieve thermoelec-
tric efficiencies comparable to those that are the best
commercial thermoelectric materials. They believed
that this rise in efficiency occurs because heat-
carrying sound waves called ‘phonons’ have a very
difficult time moving along the very narrow nano-
wires, reducing their ability to conduct heat. One
important feature of Berkeley nanowires is that
their surfaces are rough, which the researchers
believe contributes to their high thermoelectric
efficiency, although the physics behind this remains
unclear. Intriguingly, their observations suggest that
another phenomenon – called ‘phonon drag’ – also
plays a role in boosting the thermoelectric efficiency.
Phonon drag occurs when phonons moving through
the silicon collide with charge carriers such as
electrons and drag them along. However, all these
research are based on silicon nanowires, and the low
efficiency is still the bottleneck.
Figure 22 shows the design of Si NC thermo-
electric module, where the thin film of Si NCs
produced by the evaporation–deposition process
described above. This structure is envisaged to have
high figure of merit.1.16.6.4 Applications in Life Sciences
Nanoparticles have many applications in life
sciences, but there is immense concern relating to
their potential toxicological hazard to the environ-
ment. To mitigate this concern, Si NCs have been
suggested as useful nontoxic, red-emitting fluores-
cent labels. Semiconductor NCs, also known as QDs,
are of immense interest for medical imaging because
of their controllable photophysical properties.chnology, 2011, Vol. 1, 543-570
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Figure 22 Configuration of silicon nanocrystal thermoelectric module.
566 Optical Properties of Nanostructured SiliconNC–antibody conjugates can be designed to target
specific cell types and tissues and allow therapeutic
agents to be delivered to the affected cells and tissues.
It is envisaged that by employing NCs medical diag-
nostic imaging can be extended beyond merely
visualizing gross pathology and cell morphology.
NCs are being used to carry out cellular localization
of nucleic acids, proteins, and other macromolecules,
with the goal of detecting and correcting aberrant
disease-related changes in expression. In addition to
detecting and localizing molecular defects in gene
and protein function, NCs have potential application
for correcting cell-specific molecular defects. These
applications require a thorough understanding of
mechanisms involved in the cellular uptake, and
intracellular and subcellular localization of the var-
ious types of nanoparticles.
The range and extent of nanoparticle applications
is expected to rise, thereby increasing the risk of
unwanted exposure to humans as well as the envir-
onment. There is, therefore, an urgent need to
understand the mechanisms of potentially harmful
side effects of these materials, with the view that
this understanding will allow the manufacture of
NCs with minimal hazardous effects and informed
risk assessment. The best understood and most
widely used QD fluorophores are based on cadmium
chalcogenide NCs. However, in vitro studies suggest
that under certain conditions this type of nanoparti-
cle may be cytotoxic. This cytotoxicity is primarily
attributed to the leaching of heavy metal ions such as
Cd2þ, but some reports indicate the formation of free
radicals. To address this problem alkyl-Si NCs couldComprehensive Nanoscience and Tebe the best choice since they are chemically stable
and strongly luminescent.1.16.7 Summary
In this chapter, three types of silicon nanostructures
have been discussed: porous silicon, Si NCs, and thin
film of Si NCs. After reviewing the synthesis meth-
ods, it has been shown how PL spectroscopy reveals
the temperature-dependent behavior and origin of
two bands in PL emission. Confocal PL spectroscopy
enables the characterization of photobleaching and
recovery, while near-edge fine band structure and
surface states can be demonstrated using XAS
and XEOL. Extensive applications of these materials
can be expected as energetic materials, and for uses in
thermoelectric modules, in electronic devices, and in
the life sciences.References
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